I diopathic pulmonary fibrosis (IPF) is a deadly lung disease that causes chronic, progressive, and irreversible fibrosis. IPF is characterized by abnormal wound healing processes related to epithelial cell injury and turnover, fibroblast proliferation and differentiation, and matrix deposition (1, 2) . Most patients experience respiratory decline with resulting respiratory failure and death within 2-3 y of diagnosis. There are no known causes for IPF, no cure, and few effective therapies (3) . The mortality rate for IPF currently surpasses that of many malignancies, and during the last 2 decades, prevalence and incidence rates have continued to increase (4) (5) (6) . Thus, there is an urgent need to better understand the onset and progression of pulmonary fibrosis to develop effective therapies against this deadly disease.
The cytokine IL-6 is elevated in mice and humans with pulmonary fibrosis (7, 8) . IL-6 signals through two pathways, classical and trans, via a receptor complex consisting of the ligand-binding IL-6Ra and the non-ligand binding, signal-transducing receptor gp130. Whereas gp130 is expressed constitutively as a membranebound receptor, membrane-bound IL-6Ra (mIL-6Ra) is expressed predominantly on hepatocytes and leukocytes (9) (10) (11) (12) (13) . IL-6 classical signaling occurs on cells that coexpress mIL-6Ra and gp130, where IL-6 binds mIL-6Ra and associates with two molecules of gp130 to initiate the intracellular signaling cascade. In the alternative pathway, known as trans signaling, IL-6 complexes with a soluble form of IL-6Ra (sIL-6Ra) to associate with gp130 and initiate signaling (10, 11, 13, 14) . In both pathways, binding of IL-6/ IL-6Ra with gp130 activates associated JAKs and leads to phosphorylation of STAT3, which dimerizes and translocates to the nucleus, where it acts as a transcription factor to regulate target genes (15) (16) (17) (18) .
sIL-6Ra is generated largely through protease-mediated cleavage of membrane-bound IL-6Ra (11, 19, 20) . A disintegrin and metalloprotease (ADAM) 17 is a membrane-bound protease responsible for cleaving a number of cell surface proteins (21) . ADAM17 has been implicated as the major protease responsible for shedding IL-6Ra from cell membranes of hepatocytes, peripheral monocytes, neutrophils, and lymphocytes in response to various stimuli, including apoptosis, calcium mobilization, cellular cholesterol depletion, leptin induction, and lymphocyte activation (10, (22) (23) (24) (25) (26) . Increased levels of this protease are seen in association with diseases that have reported increased sIL-6Ra levels, including colitis and arthritis (27) (28) (29) (30) . The role of ADAM17 in shedding mIL-6Ra to produce the soluble receptor in fibrotic lungs, however, has not been examined.
The presence of sIL-6Ra, mediating IL-6 trans signaling, allows for activation of cells not inherently responsive to IL-6, thus widening the spectrum of IL-6-responsive cells and amplifying IL-6 effects in the body, leading to important roles in chronic pathological states (11, 31) . IL-6 trans signaling has been implicated in the pathogenesis of rheumatoid arthritis (32) , asthma (33) , inflammatory bowel disease (colitis) (34) , and colitis-associated cancer (35) . IL-6 and sIL-6Ra levels are elevated in association with these diseases, and in vivo blockade of IL-6 trans signaling using the natural inhibitor soluble gp130 (36, 37) has resulted in amelioration of disease (32) (33) (34) (35) . In terms of fibrosis, levels of IL-6 and sIL-6Ra are elevated in systemic sclerosis (38, 39) and liver cirrhosis (40) , correlating with disease severity and suggesting involvement of IL-6 trans signaling. In the kidneys, heart, and skin, IL-6 induction promotes collagen production (41) (42) (43) .
In the lungs, IL-6 is important in airway remodeling in asthma (44) and induces the conversion of human lung fibroblasts to myofibroblasts (45) , and it promotes pancreatitis-associated lung injury (46) . However, the role of IL-6 in pulmonary fibrosis was not defined until O'Donoghue et al. (47) demonstrated that IL-6 ablation attenuated fibrosis in a bleomycin-induced murine model. We previously demonstrated that IL-6 contributes to pulmonary fibrosis when we reported that genetic or pharmacologic removal of IL-6 resulted in attenuation of fibrosis (7) . However, the role of IL-6 trans signaling in pulmonary fibrosis is unknown. We hypothesized that IL-6 trans signaling is crucial to the development of pulmonary fibrosis in that it acts as an amplification pathway that enhances the normal wound-healing process, resulting in a fibrotic response. Results indicate that sIL-6Ra is elevated in explanted lung tissues from IPF patients, as well as in mice during onset and progression of pulmonary fibrosis induced by chronic bleomycin exposure. We demonstrated a temporal increase in ADAM17 in fibrotic lungs that mirrored increases in sIL-6Ra and supported a role for ADAM17 in generating sIL-6Ra, largely from lung macrophages. In vivo neutralization of trans signaling using recombinant gp130Fc, a selective inhibitor, resulted in a reduction in pulmonary inflammation and fibrosis associated with improvement in respiratory function. In vitro studies revealed that activation of IL-6 trans signaling enhanced fibroblast proliferation and extracellular matrix protein production, suggesting a mechanism for the role of trans signaling in disease development. These findings highlight the importance of sIL-6Ra and trans signaling in pulmonary fibrosis. Furthermore, neutralization of trans signaling attenuates disease and represents a promising new approach to treating IPF.
Materials and Methods

Human samples
De-identified explanted lung samples from chronic obstructive pulmonary disease (COPD) and IPF patients were obtained from the Methodist Hospital J.C. Walter Jr. Transplant Center. Collection and use of these tissues for research were in accordance with the guidelines approved by the Methodist Hospital Institutional Review Board. Primary macrophages from IPF patients were obtained from the University of Texas Medical School bronchoscopy suite.
Mice
All mice used were inbred, male C57BL/6NHsd mice, 4-5 wk old, ordered from Harlan Laboratories. Maintenance and care of animals were in accordance with guidelines set by the Animal Welfare Committee at the University of Texas Health Science Center at Houston. All study designs were reviewed and approved by the Animal Welfare Committee.
Intraperitoneal bleomycin model
Male C57BL/6 mice (4-5 wk old) were treated with i.p. injections of saline or bleomycin (0.035 U/g; Teva Pharmaceutical, Petach Tikva, Israel). A total of eight injections were given twice a week for 4 wk. Mice were sacrificed and samples collected on day 33. For the time course experiment, mice were sacrificed and samples collected on days 5, 10, 15, 20, 25, and 33. Day 0 mice were wild-type mice.
In vivo neutralization of IL-6 trans signaling
In vivo neutralization of IL 6 trans signaling was performed using recombinant mouse gp130Fc chimera (R&D Systems, Minneapolis, MN). Male C57BL/6 mice (4-5 wk old) were treated with bleomycin or vehicle (saline) i.p. twice a week for 4 wk. Beginning on day 19 and continuing daily until day 32, mice were treated with saline (200 ml 13 sterile PBS) or gp130Fc (2 mg/mouse reconstituted in 200 ml sterile PBS). On treatment days that coincided with bleomycin injections, mice received gp130Fc injections 1-2 h before bleomycin. On day 32, arterial oxygen saturation levels were measured. On day 33, animals were sacrificed and samples collected to assess changes to pulmonary phenotype.
Assessment of arterial oxygen saturation
Assessment of arterial oxygen saturation was performed on shaved, conscious mice on day 32 using the pulse MouseOx software analysis (Starr Life Sciences, Oakmont, PA).
Plasma, bronchoalveolar lavage fluid, cellular differentials, and histology
Mice were anesthetized with avertin and blood was collected and centrifuged to isolate plasma. Lungs were lavaged four times with 0.3 ml PBS; 1 ml pooled bronchoalveolar lavage (BAL) fluid was recovered. Total cell counts were determined using a hemocytometer. Cellular differentials were performed by spinning BAL aliquots onto microscope slides and staining with Diff-Quick (Dade Behring, Deerfield, IL). Remaining BAL fluid was centrifuged and supernatant and cell pellet were stored for further analyses. After lavage, lungs were inflated, fixed in formalin, and paraffin-embedded. Five-micrometer sections were cut and used in immunostaining.
Immunohistochemistry and immunofluorescence
Immunohistochemistry was performed on cut lung sections as previously described (7, 48) . Primary Abs used were: anti-STAT3 (p-S727) Ab (rabbit polyclonal, 1:100 dilution, 4˚C overnight; Abcam, Cambridge, MA), anti-ADAM17 (rabbit polyclonal, 1:100 dilution at 37˚C for 1 h, EMD Millipore), and anti-actin, a-smooth muscle Ab (1:1000 dilution, 4˚C overnight, mouse monoclonal clone 1A4; Sigma-Aldrich, St. Louis, MO). A Vectastain ABC peroxidase rabbit IgG kit (Vector Laboratories) and 3,39-diaminobenzidine (Sigma-Aldrich) were used to develop stains for p-STAT3 and ADAM17. A Vectastain ABC alkaline phosphatase standard kit (Vector Laboratories) and a Vector alkaline phosphatase substrate kit (Vector Laboratories) were used to develop stains for a-smooth muscle actin (a-SMA).
For dual immunohistochemistry staining of p-STAT3 and a-SMA, slides were stained for p-STAT3 first, then a-SMA. For dual immunofluorescence of p-STAT3 and a-SMA, slides were incubated in anti-STAT3 (p-S727) Ab (1:100 dilution, 4˚C overnight), then in appropriate secondary Ab. An ABC alkaline phosphatase standard kit and Vector alkaline phosphatase substrate kit were used to develop p-STAT3 as a red fluorescence. Slides were then incubated in anti-actin, a-smooth muscle Ab (1:500 dilution, 4˚C overnight). Secondary Ab incubation in Alexa Fluor 488 rabbit antimouse IgG (1:1000 dilution) was performed to allow detection of a-SMA as a green fluorescence. Slides were mounted with coverslips and Prolong Gold antifade medium with DAPI.
Immunofluorescence of BAL cells
BAL cells were cytospun onto microscope slides, allowed to air dry, then fixed in 3.7% paraformaldehyde for 10 min and permeabilized in cold methanol for 10 min. Blocking occurred using 1% BSA for 1 h at room temperature and then incubated in anti-human CD126 (IL-6R) Ab (1:50 dilution, 4˚C overnight, mouse monoclonal; ABD Serotec, Raleigh, NC). Incubation in secondary Ab, Alexa Fluor 488 rabbit anti-mouse IgG (1:1000 dilution; Life Technologies, Grand Island, NY), occurred for 1 h at room temperature. Slides were mounted with coverslip and Prolong Gold antifade medium with DAPI (Life Technologies). using the Ashcroft method of scoring. Scoring was performed blinded with regard to animal treatment. All areas of the lung were scored, and an overall average score was given per lung section. The Sircol assay (Biocolor, Carrick, U.K.) was used to measure soluble collagen content in BAL fluid. Transcript levels of procollagen were quantitated using whole-lung mRNA. Fibronectin expression was determined using Western blot analysis of lung lysates.
Western blot of lung lysates and BAL fluid
Western blot was performed as previously described (7) . Primary Abs used were: anti-human CD126 (IL-6R, 1:500 dilution, mouse monoclonal' ABD Serotec), anti-STAT3 (p-S727) Ab (1:500 dilution, rabbit polyclonal; Abcam), anti-ADAM17 (1:2000, rabbit polyclonal; Millipore), anti-fibronectin, cellular Ab (1:2000, mouse monoclonal clone FN 3E2; Sigma-Aldrich), and anti-b-actin Ab (1:5000, mouse monoclonal clone AC-74; SigmaAldrich). For lung lysates, 50 mg protein was loaded per sample. For BAL fluid samples, equal volumes of samples were prepared in sample buffer and equal volumes were loaded per lane. Expression of proteins on Western blot was quantified using ImageJ analysis of scanned blots.
Analysis of whole-lung RNA Total RNA was isolated from frozen lung tissue using TRIzol reagent (Invitrogen) per the manufacturer's protocol. Samples were treated with RNAse-free DNAse 1 (Invitrogen) and used for quantitative real-time RT-PCR analysis. cDNA was made using SuperScript II reverse transcriptase (Invitrogen). Equal amounts of cDNA were analyzed for transcript levels of COL1A2 and MCP-1 with normalization to b-actin. Primers used for COL1A2 were: forward, 59-AAGGGTGCTACTGGACTCCC-39 and reverse, 59-TTGTTACCGGATTCTCCTTTGG-39. Primers for MCP-1 were: forward, 59-AGCATCCACGTGTTGGCTC-39 and reverse, 59-TGGGAT-CATCTTGCTGGTG-39. Data are presented as mean normalized transcript levels using the comparative C t method.
ELISA analysis of sIL-6Ra in protein lysates, BAL fluid, and plasma sIL-6Ra was quantified in protein lysates made from COPD and IPF lungs using a human IL-6Ra DuoSet ELISA kit (R&D Systems). Lysate (10 ml) was diluted in 90 ml reagent diluent and subjected to ELISA analysis per the manufacturer's protocol. Murine BAL fluid and plasma samples were processed using a mouse IL-6Ra DuoSet ELISA kit (R&D Systems). For BAL fluid samples, 100 ml was used. For plasma samples, 10 ml plasma was diluted in 90 ml reagent diluent.
Bone marrow macrophage isolation and differentiation
Male C57BL/6 mice (4-5 wk old) were euthanized via cervical dislocation. Both femurs were isolated and removed, and bone marrow cavities were flushed with complete macrophage medium, that is, DMEM (Fisher Scientific) supplemented with 10% FBS and 20% L929 media supplement. Flushed cells were pelleted and resuspended in macrophage media, counted, and plated in 100-mm bacterial dishes at a density of 3-5 3 10 6 cells in 7.5 ml media per dish. Cells were incubated at 37˚C, 5% CO 2 for 4 d and then supplemented with an extra 5 ml media and cultured for another 3-4 d. On days 7-8, adherent macrophages were detached, collected, pelleted, and resuspended in macrophage media for seeding in tissue culture plates for experiments. To make L929 media supplement, L929 cells were plated at a density of 5 3 10 5 cells per T75 flask in 55 ml media consisting of DMEM with 1% HEPES, 1% penicillin-streptomycin, 1% L-glutamine, and 10% FBS. Cells were cultured for 7 d and then media were harvested and sterile filtered for addition to macrophage culture media. Days 7-8 bone marrow-derived macrophages were plated in six-well plates at a density of 1.5-2 3 10 6 cells/well and allowed to adhere 2-3 h. Nonadherent cells were removed and cells were then incubated in macrophage media containing IL-4 (20 ng/ml) and IL-13 (10 ng/ml) (PeproTech, Rocky Hill, NJ) for 72 h. Fresh reagents were added daily. After 72 h, macrophages were washed with sterile PBS and used in TNF-a protease inhibitor (TAPI)-1 experiments.
TAPI-1 inhibition of ADAM17 in macrophages
IL-4/IL-13-stimulated macrophages were incubated in serum-free media containing PMA (10 mg/ml; Enzo Life Sciences, Farmingdale, NY) for 2-3 h at 37˚C, 5% CO 2 . Inhibition of ADAM17 activity was carried out by preincubation of macrophages with TAPI-1 (20 mM) for 1 h followed by PMA stimulation in the presence of TAPI-1. After 2-3 h exposure to media alone, media and TAPI-1, PMA alone, or PMA and TAPI-1, culture media were collected and sIL-6Ra was quantified using ELISA. Macrophages were lysed in RIPA lysis buffer containing protease inhibitors. Five to 10 mg protein per sample was subjected to Western blot analysis to determine expression of arginase 1 (rabbit polyclonal Ab, 1:200 dilution, overnight incubation, 4˚C; Santa Cruz Biotechnology), IL-6R (anti-human CD126 Ab, mouse monoclonal, 1:500 dilution, 4˚C overnight; ABD Serotec), and ADAM17 (rabbit polyclonal Ab, 1:500 dilution, overnight incubation, 4˚C; EMD Millipore).
ADAM17 small interfering RNA silencing in macrophages
Days 7-8 bone marrow-derived macrophages were resuspended in antibioticfree macrophage media, seeded in six-well plates, and allowed to adhere for 2-3 h. Cells were then incubated in antibiotic-free media containing IL-4, IL-13, Opti-MEM (Invitrogen) with Lipofectamine RNAiMAX (Invitrogen), and ADAM17 small interfering RNA (siRNA) or scrambled control siRNA (Sigma-Aldrich) for 24 h. Final concentration of siRNA was 100 nM. After 24 h, media were changed and a second transfection was performed with fresh reagents. Macrophages were incubated in the second transfection medium for 48 h. Fresh IL-4 and IL-13 were added to culture media daily. After 72 h, nontransfected macrophages, macrophages transfected with control siRNA, and macrophages transfected with ADAM17 siRNA were stimulated with PMA in serum-free conditions for 2-3 h. Culture media were collected and sIL-6Ra levels were quantified using ELISA. Cells were lysed in RIPA lysis buffer containing protease inhibitors. Five to 10 mg protein per sample was subjected to Western blot analysis to determine expression of arginase 1, IL-6R, and ADAM17.
Shedding of mIL-6Ra from primary lung macrophages BAL fluid was collected from day 33 male C57BL/6 mice treated with PBS or bleomycin. Lungs were lavaged 10 times with 0.5 ml sterile PBS each; ∼5 ml pooled lavage fluid per mouse was recovered. BAL fluid from all PBS mice or all bleomycin mice were pooled and spun at 1200 rpm for 5 min at 4˚C. The supernatant was removed and cell pellets were resuspended in complete macrophage media (RPMI 1640 containing 10% FBS and 1% penicillin-streptomycin). Cells were counted by hemocytometer, plated in six-well plates at 1 3 10 6 cells/well, and allowed to adhere 4 h at 37˚C, 5% CO 2 . Culture media and nonadherent cells were removed after 4 h by washing with serum-free RPMI 1640. Cells were then incubated in macrophage media containing PMA (10 mg/ml; Enzo Life Sciences, Farmingdale, NY) for 2 h at 37˚C, 5% CO 2 to activate ADAM17 and induce mIL-6Ra shedding. Inhibition of ADAM17 activity was carried out by preincubation of macrophages with TAPI-1 (20 mM) for 1 h followed by PMA stimulation in the presence of TAPI-1. After 2 h exposure to media alone, PMA alone, or PMA and TAPI-1, culture media were collected and sIL-6Ra was quantified using ELISA.
Control and IPF fibroblast cell lines
CCD8Lu and LL97A (AlMy) are control and IPF fibroblast cell lines, respectively, purchased from the American Type Culture Collection (Manassas, VA). CCD8Lu was cultured in American Type Culture Collection-formulated Eagle's MEM supplemented with 10% FBS and 1% penicillin-streptomycinamphotericin B mixture. LL97A was cultured in Ham's F12K medium (American Type Culture Collection) supplemented with 15% FBS and 1% penicillin-streptomycin-amphotericin B mixture. For stimulation experiments, cells were used between passages four and eight.
In vitro stimulation of IL-6 trans signaling
To assess the effects of IL-6 trans signaling on fibroblast proliferation, CCD8Lu and LL97A cells were plated in 96-well plates at a density of 3-5 3 10 3 cells/well and cultured to reach 70-80% confluency. Cells were serum starved for 24 h and then stimulated for 48 h in serum-free media with recombinant human TGF-b1 (10 ng/ml), recombinant human IL-6 (50 ng/ml), or IL-6 (50 ng/ml) plus recombinant human IL-6Ra (100 ng/ml) (R&D Systems). Fresh reagents were added daily. Proliferation was assessed using and ApoTox-Glo triplex assay kit (Promega, Madison, WI). Viability reagent was added and fluorescence was measured after 30 min incubation at 37˚C. To assess effects of IL-6 trans signaling on extracellular matrix protein production, CCD8Lu and LL97A cells were seeded in six-well plates at a density of 1 3 10 5 cells/well and cultured to reach 70-80% confluency. Cells were serum starved and stimulated as mentioned above. After 48 h of stimulation, cells were lysed in RIPA lysis buffer supplemented with protease inhibitor mixture. Protein lysates were subjected to Western blot analysis to detect collagen and fibronectin production. Five to 10 mg protein per sample was loaded. Incubation was performed in primary Abs for collagen 1 (rabbit polyclonal, 1:500 dilution, 48 h at 4˚C; Abcam) and fibronectin EDA (mouse monoclonal clone FN 3E2, 1:4000 dilution, overnight at 4˚C; Sigma-Aldrich).
Statistical analysis
Experimental results are reported as means 6 SEM. One-way ANOVA was used for comparisons among groups, and comparisons between groups were completed with a two-tailed Student t test. Statistical significance for all comparisons is presented as p values. A p value of ,0.05 was considered to be significant.
Results
sIL-6Ra is elevated in IPF
As an initial assessment of whether sIL-6Ra is elevated in IPF, we measured its levels in the lungs of IPF patients. Protein lysates were prepared from explanted COPD and IPF lung tissues, and ELISA measurement of sIL-6Ra revealed a significant, 4-fold increase in IPF lungs versus COPD lungs (Fig. 1A) . Secondary confirmation was achieved with Western blot analysis of these samples, probing for expression of sIL-6Ra, which revealed increased sIL-6Ra in IPF lungs (Fig. 1B) . These findings demonstrate, to our knowledge for the first time, increased sIL-6Ra in IPF and suggest that IL-6 trans signaling may play a role in this disease.
sIL-6Ra is elevated in bleomycin-induced pulmonary fibrosis
To further evaluate the role of sIL-6Ra in IPF, we turned to a chronic model of fibrosis, the IPB model. In this model, mice are given i.p. injections of bleomycin twice weekly for four weeks, which lead to progressive development of pulmonary fibrosis (48) (49) (50) . This model of chronic bleomycin exposure has been demonstrated to recapitulate features of IPF, such as the presence of hyperplastic airway epithelial cells and fibrosis that radiates inward from the pleural surfaces and is progressive, irreversible, and lethal (51, 52) .
To assess levels of sIL-6Ra in this model, protein lysates were made from day 33 lungs and Western blot was performed. sIL-6Ra was absent in PBS-injected, nonfibrotic lungs but present in bleomycin-exposed, fibrotic lungs (Fig. 1C) . BAL fluid was collected and analyzed for presence of the soluble receptor in the airways and airspaces of the lung. ELISA measurement of sIL-6Ra in BAL fluid demonstrated a significant, 3-fold increase in bleomycin samples in comparison with PBS samples (Fig. 1D) . Furthermore, to better understand how sIL-6Ra levels change over the course of development and progression of pulmonary fibrosis, BAL fluid was collected at various time points during the course of the model (days 5, 10, 15, 20, 25, and 33) . Analysis of soluble collagen in BAL fluid revealed progressive development of fibrosis in the model, with significant increases in collagen already evident in bleomycin lungs by day 5 and the most prominent increase present in day 20 samples (Fig. 1E) . Western blot analysis and ELISA quantification of the samples showed a temporal increase in sIL-6Ra (Fig. 1F, 1G ) that mirrors the changes in collagen. Collectively, these findings demonstrate an association between increases in sIL-6Ra and pulmonary fibrosis and suggest a role for the soluble receptor in disease onset and progression.
ADAM17 is increased in bleomycin-induced pulmonary fibrosis
To assess the underlying mechanism of sIL-6Ra accumulation in fibrotic lungs, we explored the role of the proteases ADAM17 and ADAM10 in cleaving mIL-6Ra to produce the soluble receptor. To determine whether these proteases are elevated in pulmonary fibrosis, we evaluated their expression in the IPB model. Protein lysates were made from day 33 lungs and Western blot was performed. Immature and mature forms of ADAM17 were increased in bleomycin-exposed, fibrotic lungs ( Fig. 2A) . No difference in ADAM10 expression was seen between bleomycin and PBS lungs (Fig. 2B) . Thus, to further characterize ADAM17 expression, BAL fluid was collected and analyzed for the presence of ADAM17 in the airways and airspaces of the lung. Western blot analysis detected increases in ADAM17 in bleomycin samples (Fig. 2C) . Immunostaining of sections from these lungs revealed the most prominent increase of ADAM17 in alveolar macrophages (Fig. 2D ). When these macrophages were washed out of the lungs during BAL, collected and cytospun onto slides, and then subjected to immunofluorescence staining for mIL-6Ra, it was observed that macrophages from bleomycin lungs expressed more mIL-6Ra than did those from PBS lungs (Fig. 2E) . This finding was confirmed using Western blot analysis of BAL cell pellet protein lysates to the detect presence of mIL-6Ra. Cell pellets from fibrotic lungs expressed more mIL-6Ra than did samples from nonfibrotic lungs (Fig. 2F) . The fact that there was an increase in ADAM17 in cells that expressed more mIL-6Ra suggested a role for ADAM17 in shedding mIL-6Ra from these cells to form sIL-6Ra. Analysis of alveolar macrophages from IPF lungs also revealed abundant expression of mIL-6Ra (Supplemental Fig. 1A) , further validating the potential of these cells in serving as the source of sIL-6Ra generation in human patients.
ADAM17 is increased in association with increasing sIL-6Ra and alveolar macrophages in fibrotic lungs
Further characterization of ADAM17 expression during onset and development of fibrosis was achieved via Western blot analysis of BAL fluid samples collected throughout the duration of the IPB model. Results indicated a temporal increase in ADAM17 expression that mirrored the increase in sIL-6Ra as pulmonary fibrosis developed and progressed (Fig. 2G) . These results further implicated ADAM17 in the generation of the sIL-6R in fibrotic lungs. Because our data suggested macrophages as a potential source of shedding of IL-6Ra, we sought to determine whether there was a change in alveolar macrophages as pulmonary fibrosis develops and progresses. Using BAL fluid samples collected throughout the duration of the IPB model, cellular differentials were performed and the number of BAL macrophages was determined. BAL macrophages in bleomycin-exposed lungs accumulated in a pattern similar to the change in ADAM17 and sIL-6Ra (Fig. 2H) . Collectively, these findings demonstrate an association between increases in alveolar macrophages and ADAM17 and increases in sIL-6Ra in fibrotic lungs, suggesting that ADAM17 activation in alveolar macrophages of fibrotic lungs induces shedding of mIL-6Ra to produce sIL-6Ra.
ADAM17 promotes shedding of IL-6Ra from membranes of activated macrophages
Given the previous data showing increases in ADAM17 in alveolar macrophages that express higher levels of mIL-6Ra, we hypothesized that this protease is activated in these cells to cleave mIL6Ra to produce sIL-6Ra. Alveolar macrophages found in the lungs of IPF patients and mice with bleomycin-induced pulmonary fibrosis are primarily M 2 in phenotype and are reported to drive progression of disease (8, (53) (54) (55) (56) (57) . We asked whether we could replicate the in vivo conditions using an in vitro cell system and show that activation of ADAM17 in M 2 macrophages induces shedding of mIL-6Ra to increase production of sIL-6Ra.
To generate M 2 macrophages in vitro, we stimulated bone marrow-derived murine macrophages with the cytokines IL-4 and IL-13 to polarize their differentiation into M 2 (58) (59) (60) (61) . These cytokines were reported to be important in the lung, and their use in various studies has led to successful differentiation of macrophages to the M 2 phenotype (58-61). Arginase 1 is a marker of M 2 macrophages, and its expression after stimulation has been reported to be an indicator of successful differentiation (54, 58, 60, 61) . Western blot analysis of protein lysates from IL-4/IL-13-stimulated macrophages revealed more arginase 1 expression than in unstimulated macrophages (Fig. 3A) , suggesting they are M 2 in phenotype. We next evaluated mIL-6Ra expression in the bone marrow-derived M 2 macrophages to see whether the membrane receptor is present to be cleaved. Western blot analysis showed more mIL-6Ra in IL-4/IL-13-stimulated macrophages than in unstimulated macrophages (Fig. 3A) . The characteristics of augmented ADAM17 and mIL-6Ra expression in our bone marrowderived M 2 macrophages mimicked those seen in alveolar macrophages isolated from fibrotic murine and human lungs. Thus, we proceeded to manipulate ADAM17 activity in these cells.
The reagent PMA is known to activate ADAM17-mediated shedding of mIL-6Ra (21, 62) . To demonstrate that ADAM17 can shed IL-6Ra from the membrane of bone marrow-derived M 2 macrophages, IL-4/IL-13-stimulated macrophages were incubated with PMA to induce shedding. To assess shedding efficiency, culture media were collected and sIL-6Ra was quantified using ELISA. PMA activation of ADAM17 led to a significant, 4-fold increase in sIL-6Ra in the culture media (Fig. 3B) , suggesting that ADAM17 is responsible for the increase in shedding.
To further support the role of ADAM17 in this process, we assessed whether blocking ADAM17 would alter the extent of shedding. We first attempted to block ADAM17 activity pharmacologically using TAPI-1, a nonselective inhibitor of ADAM proteases (23, 62) . Addition of TAPI-1 to macrophages without PMA stimulation was able to significantly suppress baseline shedding; the presence of TAPI-1 in the setting of PMA stimulation resulted in inhibition of sIL-6Ra release into the media (Fig. 3B) . These results were confirmed using a second, more specific method of neutralizing ADAM17 activity. IL-4/IL-13-stimulated macrophages were transfected with ADAM17 siRNA (30) to silence ADAM17 and then subjected to PMA stimulation. Successful silencing was confirmed by Western blot analysis showing reduced expression of ADAM17 (Fig. 3C) . ADAM17-transfected macrophages released less sIL-6Ra into the culture media than did macrophages transfected with control siRNA (Fig. 3D) .
To more accurately reflect what happens in active pulmonary fibrosis, we repeated the above experiments using primary alveolar macrophages isolated from day 33 mice treated with PBS or bleomycin. Lungs were lavaged and cells collected in BAL fluid were then cultured to isolate alveolar macrophages. PMA-induced activation of ADAM17 in primary alveolar macrophages from PBS lungs induced an increase in sIL-6Ra in culture media (Fig. 3E) . Preincubation with TAPI-1 reduced levels of released sIL-6Ra to below detection threshold. PMA stimulation of macrophages from bleomycin lungs resulted in a 2-fold increase in sIL-6Ra in culture media (Fig. 3E) . Preincubation with TAPI-1 reduced levels of released sIL-6Ra to baseline levels. Overall, the results of our shedding experiments, both in bone marrow-derived M 2 macrophages and in primary alveolar macrophages from fibrotic mouse lungs, have supported a role for ADAM17 in shedding mIL-6Ra to generate sIL6Ra in fibrotic lungs.
In vivo neutralization of IL-6 trans signaling reduced pulmonary inflammation
Having demonstrated that sIL-6Ra was elevated in association with pulmonary fibrosis as a result of protease-mediated cleavage of the membrane receptor, we next investigated whether neutralization of this soluble receptor would result in therapeutic benefit in a mouse model of pulmonary fibrosis. In vivo neutralization of sIL-6Ra was performed in the IPB model using mouse recombinant gp130Fc, a reagent shown in previous studies to be an effective and selective inhibitor of IL-6 trans signaling (32) (33) (34) (35) . Treatment with gp130Fc was initiated late in the disease process, on day 19, when pulmonary fibrosis was established, so as to determine the therapeutic rather than preventative benefits of antagonizing trans signaling. The neutralization protocol (Supplemental Fig. 1B ) was sufficient to significantly lower levels of sIL-6Ra in BAL fluid (Supplemental Fig. 1C, 1D ). IL-6 protein levels in BAL fluid were not different between bleomycin and bleomycin plus gp130Fc groups (Supplemental Fig. 1E ). These findings revealed that recombinant gp130Fc is able to alter levels of sIL-6Ra in the lung microenvironment, a feature that supports the notion of local sIL6Ra generation from macrophages during active disease.
In the IPB model, mice develop extensive pulmonary fibrosis as well as pulmonary inflammation (48, 50) ; therefore, to assess changes in pulmonary phenotype, we first examined the effects of recombinant gp130Fc administration on pulmonary inflammation. Treatment with gp130Fc was associated with decreased inflammation, as evident by a significant reduction in total inflammatory cells recovered in BAL fluid on day 33 (Fig. 4A) . Cell differential analysis of BAL fluid revealed a reduction in all cell types examined, including macrophages (Fig. 4B) , lymphocytes, neutrophils, and eosinophils (Fig. 4C) . The ability of gp130Fc to dampen pulmonary inflammation led us to evaluate changes to relevant inflammatory mediators, including MCP-1. Whole-lung RNA analysis revealed a significant reduction in MCP-1 in mice treated with soluble gp130 (Fig. 4D ). These findings demonstrate that gp130Fc-mediated inhibition of sIL-6Ra in the lungs can attenuate pulmonary inflammation in this model.
In vivo neutralization of IL-6 trans signaling attenuated pulmonary fibrosis
Aberrant fibroblast activation, differentiation into myofibroblasts, and excessive collagen and fibronectin production and deposition in the lungs are hallmarks of pulmonary fibrosis (1) . Therefore, we determined whether treatment with recombinant gp130Fc affected these indices of pulmonary fibrosis. To assess collagen production and deposition, lung sections from day 33 mice were stained with Masson's trichrome to visualize collagen deposition (blue). Untreated bleomycin-injected lungs were fibrotic and had extensive collagen deposition, whereas gp130Fc-treated lungs had diminished collagen deposition (Fig. 5A) . Soluble collagen in BAL fluid was measured using a Sircol assay. gp130Fc treatment resulted in a significant reduction in collagen protein in the lungs (Fig. 5B) . Quantification of collagen 1A2 transcript levels in whole-lung RNA revealed significantly higher transcript levels in bleomycin lungs compared with PBS lungs, and recombinant gp130Fc administration was able to suppress collagen 1A2 transcript levels (Fig. 5C ). Ashcroft scoring to quantify morphologic fibrosis was performed, and gp130Fc treatment improved overall scores by almost 50% (Fig. 5D) .
To further evaluate changes to pulmonary fibrosis, we assessed myofibroblast accumulation in gp130Fc-treated lungs. Lung sections from day 33 mice were stained with an Ab against a-SMA for detection of myofibroblasts. Whereas fibrotic lungs exhibited prominent red a-SMA staining that is indicative of extensive myofibroblast accumulation, gp130Fc-treated lungs presented with diminished myofibroblast accumulation (Fig. 6A) . Comparisons between bleomycin versus gp130Fc-treated lung sections visually emphasized the reduction in pulmonary fibrosis seen with gp130Fc treatment. We also analyzed the expression of fibronectin, an extracellular matrix protein found to be elevated in IPF lungs and an additional indicator of fibrosis (63) (64) (65) (66) . Protein lysates were made from day 33 lungs and Western blot analysis was performed to detect changes to fibronectin content. In comparison with bleomycin lungs, which have increased expression of fibronectin, lungs treated with gp130Fc exhibit less fibronectin (Fig. 6B) . PBS-injected lungs treated with gp130Fc also experienced a reduction in fibronectin expression.
In vivo neutralization of IL-6 trans signaling improved oxygen saturation
Hypoxia is a feature of IPF, and oxygen saturation measurements are often used clinically to evaluate presence and severity of hypoxia (3). We evaluated changes to hypoxia in mice treated with gp130Fc by measuring oxygen saturation. We observed a decrease in oxygen saturation in untreated, bleomycin-injected mice that was inhibited by gp130Fc treatment (Fig. 6C) . Collectively, these findings demonstrate that gp130Fc treatment attenuates pulmonary fibrosis, leading to physiologic improvement in mice. In vivo neutralization of IL-6 trans signaling decreased STAT3 activation in myofibroblasts IL-6 signaling phosphorylates and activates STAT3, a transcription factor important in the pathogenesis of liver, skin, and kidney fibrosis (67, 68) . Increased STAT3 activation has been reported in IPF (47, 69) . Its role in pulmonary fibrosis was evaluated by O'Donoghue et al. (47) who demonstrated that IL-6-mediated STAT3 activation increased bleomycin-induced fibrosis in a mouse model. Thus, we evaluated changes to STAT3 activation in mice treated with gp130Fc. Western blot analysis of protein lysates made from day 33 lungs revealed that p-STAT3 was increased in bleomycin lungs compared with PBS lungs, and treatment with gp130Fc was associated in a trend for reduced STAT3 activation (Fig. 7A) . The difference was quantified using ImageJ analysis of scanned Western blots (Fig. 7B ). More specifically, there was a decrease in p-STAT3-positive myofibroblasts in gp130Fc-treated lungs (Fig. 7C) . We confirmed this finding in human samples, where we saw an abundant presence of p-STAT3-positive myofibroblasts in IPF lung sections in comparison with control sections (Fig. 7D) . These results suggest that IL-6 trans signaling in this population of cells could be crucial to the fibrotic process. We therefore focused our efforts on examining IL-6 trans signaling in fibroblast biology to understand its contribution to pulmonary fibrosis.
IL-6 trans signaling promoted fibroblast proliferation and extracellular matrix protein production
Using normal and IPF fibroblast cell lines, we examined changes to proliferation rate and production of collagen and fibronectin subsequent to stimulation of trans signaling in these cells. With regard to cellular proliferation, baseline proliferation rates of IPF fibroblasts were already higher than those of normal fibroblasts (Fig. 8A) . Stimulation with IL-6 and sIL-6Ra resulted in increased proliferation rates in both normal and IPF fibroblasts. In normal fibroblasts, IL-6 stimulation alone did not significantly alter proliferation rates, but IL-6 in combination with sIL-6Ra resulted in a significant 1.2-fold difference in proliferation. In IPF fibroblasts, IL-6 stimulation alone was sufficient to induce a significant 1.4-fold increase in proliferation, and IL-6 in combination with sIL-6Ra resulted in a 1.5-fold increase in proliferation. The difference in response to trans signaling may be due to baseline expression of mIL-6Ra in control versus IPF fibroblasts (Fig. 8B) .
In terms of production of extracellular matrix proteins, stimulation of IL-6 trans signaling induced production of collagen 1 and fibronectin in normal and IPF lung fibroblasts (Fig. 8C) . In normal fibroblasts, IL-6 alone increased collagen 1 and fibronectin expression slightly. IL-6 plus sIL-6Ra induced a pronounced increase in collagen and fibronectin, at comparable levels to those seen with TGF-b stimulation (positive control). In IPF fibroblasts, IL-6 alone was able to increase collagen expression, whereas IL-6 plus sIL-6Ra was still able to induce collagen expression, but not to the extent of IL-6 alone. As for fibronectin, IL-6 stimulation in IPF fibroblasts led to an increase in fibronectin, whereas IL-6 plus sIL-6Ra led to an increase that was even greater than that induced by TGF-b. The differences in expression were quantified using ImageJ analysis of scanned Western blots (Fig. 8D, 8E ). These results suggest that although IL-6 trans signaling increases protein production in both normal and IPF fibroblasts, the effect on collagen and fibronectin production is similar in normal fibroblasts, whereas in IPF fibroblasts its effect on fibronectin production may be greater than on collagen production. In all, the findings from these in vitro experiments support a role for IL-6 trans signaling in enhancing fibroblast proliferation and protein production that could lead to the overpopulation of the lung parenchyma and excessive protein deposition observed in pulmonary fibrosis.
Discussion
IL-6 is a cytokine with extensive effects in various physiological systems. IL-6 signaling through the trans pathway, mediated by sIL-6Ra, has been implicated in the pathogenesis of a number of chronic diseases, including rheumatoid arthritis (32) , asthma (33) , inflammatory bowel disease (colitis) (34) , and colitis-associated cancer (35) . Its role in pulmonary fibrosis, however, is unknown.
In this study, we demonstrated elevations in sIL-6Ra in IPF patients and mice during the onset and progression of pulmonary fibrosis.
We demonstrated a role for ADAM17 in cleaving mIL-6Ra from macrophage membranes to produce sIL-6Ra. Furthermore, our findings show that neutralization of the soluble receptor and antagonism of IL-6 trans signaling attenuate pulmonary fibrosis, emphasizing the importance of sIL-6Ra and IL-6 trans signaling in this condition. Our data also suggests that the mechanisms leading to development of pulmonary fibrosis involve enhancement of IL-6 trans signaling in pulmonary fibroblasts, leading to excessive proliferation and extracellular matrix protein production and deposition in the lungs. This study has important clinical significance in that it supports the use of gp130Fc as a promising, novel means of targeting IL-6 trans signaling in the treatment of IPF.
sIL-6Ra is a key feature of IL-6 signaling and a crucial component in the regulation of IL-6 responses. sIL-6Ra acts agonistically in vivo to either enhance IL-6 signaling on cells already expressing mIL-6Ra or to render cells lacking mIL-6Ra susceptible to the effects of IL-6 signaling (11, 31) . Elevations of sIL-6Ra have previously been demonstrated in a number of human diseases (32-35) but not in IPF. A major observation in this study was that sIL-6Ra is elevated in IPF lungs and in mice with pulmonary fibrosis, suggesting that its production and presence may play a role in the disease process. Furthermore, to our knowledge, we showed for the first time that sIL-6Ra levels in the lungs were increased in a temporal pattern associated with the development and progression of pulmonary fibrosis, raising the possibility of sIL-6Ra serving as a marker of disease progression. These results illustrate the existence of IL-6 trans signaling in fibrotic lungs and support the need to further assess the role of this pathway in IPF. Interestingly, there is also evidence that the increase in sIL-6Ra in IPF is a local occurrence, only seen in a fibrotic area of the lung. ELISA analysis of sIL-6Ra in lavage fluid samples from different lobes of a single IPF lung revealed elevated sIL-6Ra in the sample from a fibrotic lobe (IPF LLL) but not a nonfibrotic lobe (IPF RML) (Supplemental Fig. 2A ). These data suggest that sIL-6Ra could be used as a diagnostic and/or prognostic marker for in IPF. Further investigation of sIL-6Ra in more IPF lavage samples from fibrotic and nonfibrotic lobes is needed to validate these findings.
Another significant finding of our study is that production of sIL-6Ra in pulmonary fibrosis is due to cleavage of mIL-6Ra from alveolar macrophages via the action of the protease ADAM17. To our knowledge, this is the first study to report an increase in ADAM17 expression as pulmonary fibrosis develops and progresses, as well as the first to suggest that ADAM17 cleaves mIL-6Ra from M 2 macrophages to produce the soluble receptor in fibrotic lungs. These findings suggest that ADAM17-targeted therapies may be useful in alleviating lung fibrosis. They also suggest a mechanism for the contribution of activated macrophages to pulmonary fibrosis and raise the possibility of targeting this potentially pivotal player in disease.
ADAM17 could also be used as an important indicator of the progression of pulmonary fibrosis. Note, however, that Garbers et al. (70) have argued that ADAM17 is the main protease responsible for cleavage of mIL-6Ra in humans, but that in mice, ADAM10 is primarily responsible. We acknowledge that ADAM10 may be able to cleave mIL-6Ra; however, we have not been able to demonstrate an increase in ADAM10 in fibrotic murine lungs. Our investigations have led us to conclude that ADAM17 is responsible for the generation of sIL-6Ra in our mouse model of chronic bleomycin exposure.
In support of a role for IL-6 trans signaling in pulmonary fibrosis, we have demonstrated ADAM17-mediated increases in sIL-6Ra in association with disease. To determine whether there were therapeutic benefits to in vivo neutralization of sIL-6Ra and resulting antagonism of IL-6 trans signaling in disease, we used recombinant gp130Fc to neutralize sIL-6Ra and selectively block IL-6 trans signaling in our chronic bleomycin model and evaluated the effects on pulmonary inflammation and fibrosis. In the IPB model, bleomycin-exposed mice developed significant pulmonary inflammation. In mice challenged with bleomycin and treated with gp130Fc, there was a marked reduction in pulmonary inflammation, as evident by a reduction in the number of inflammatory cells recovered in BAL fluid, including reductions in macrophages, lymphocytes, neutrophils, and eosinophils. The reduction in pulmonary inflammation with gp130Fc treatment is consistent with previous studies demonstrating that inhibition of IL-6 trans signaling resulted in improvement in chronic inflammatory conditions such as colitis (34) , arthritis (32) , and colitis-associated premalignant cancer (35) . These results suggest that IL-6 trans signaling is responsible for the proinflammatory property of IL-6 in a model of pulmonary fibrosis. Of particular interest is the decrease in macrophages and lymphocytes, which could point to mechanisms for reduced severity of disease with gp130Fc administration. Both macrophages and lymphocytes have been suggested to play roles in the development of pulmonary fibrosis (53-57, 71, 72) , but their exact contribution to IPF has not been examined. Further evaluation of these cell types and their role in disease is needed.
The compelling finding of this study was the novel observation that neutralization of IL-6 trans signaling resulted in attenuation of pulmonary fibrosis in our chronic bleomycin model. A hallmark feature of IPF is excessive fibroblast activation and differentiation and excessive production and deposition of matrix proteins, including collagen and fibronectin. Accumulation of a-SMA-positive myofibroblasts, the main effector cells of fibrosis, results in further production and deposition of extracellular matrix FIGURE 9. Model of IL-6 trans signaling in pulmonary fibrosis. In fibrotic lungs, elevated ADAM17 expression in M 2 macrophages leads to cleavage of mIL-6Ra to produce sIL-6Ra. sIL-6Ra binds IL-6. The IL-6/sIL-6Ra complex can then activate various cells in the lung in a paracrine manner. (A and B) Stimulation of IL-6 trans signaling in fibroblasts results in 1) increased extracellular matrix protein production and 2) increased proliferation.
proteins in the lungs (1) . Our study demonstrated that neutralization of IL-6 trans signaling resulted in a reduction in fibroblasts (data not shown) and myofibroblast accumulation and extracellular matrix protein production and deposition in the lungs, which translated to a reduction in pulmonary fibrosis and improvement in pulmonary oxygenation. Previous studies have suggested a role for IL-6 trans signaling in liver fibrosis (73) , renal fibrosis (41) , and myocardial fibrosis (42) , although none has demonstrated improvement in fibrosis with blockade of trans signaling. To our knowledge, this is the first study to examine the role of IL-6 trans signaling in pulmonary fibrosis, and we demonstrated a therapeutic benefit to antagonism of this pathway in vivo.
In search of the underlying mechanism that would explain the improvement in fibrosis seen with gp130Fc treatment, we performed in vitro mechanistic studies that revealed the ability of IL-6 trans signaling to promote proliferation and collagen and fibronectin production in control and IPF fibroblasts, events crucial to disease progression. Findings from our in vitro studies of IL-6 trans signaling in fibroblasts are consistent with previous studies that have demonstrated that trans signaling can induce hepatocyte proliferation and intracellular signaling (73) , promote collagen production in cardiac fibroblasts (42) , and induce proliferation and extracellular matrix protein production in fibroblasts from hypertrophic scars (74) . Note, however, that Moodley et al. (75) examined the effect of IL-6 on fibroblast proliferation and concluded that IL-6 inhibits proliferation in normal fibroblasts but enhanced proliferation in IPF fibroblasts. Differences between these findings may be related to the source of cells or conditions used. For example, the starvation and stimulation times were different between our studies. Both studies agree that stimulation of normal fibroblasts with IL-6 at #50 ng/ml does not result in inhibition of proliferation. Moodley et al. reported growth inhibition with IL-6 stimulation $100 ng/ml, whereas in our hands, even higher concentrations of IL-6 were not antiproliferative in normal fibroblasts (Supplemental Fig. 2B ). The reason for this difference in observations is unclear. However, Moodley et al. did not examine the effect of trans signaling on fibroblast proliferation, whereas our study did. Overall, our in vivo data suggest that IL-6 trans signaling mediates proproliferative, profibrotic effects in the lungs. We acknowledge that IL-6 trans signaling likely impacts other cells types in the fibrotic lung, and additional studies are needed to fully understand the impact of this pathway on the progression of pulmonary fibrosis.
Although our study mainly focused on the role of IL-6 trans signaling in pulmonary fibrosis, note that classical signaling can contribute to disease as well, as evident in studies in colitis, where it was demonstrated that IL-6 classical signaling was pathogenic but trans signaling amplified those effects and contributed to the propagation of disease (34) . We suggest that the impact of IL-6 trans signaling in pulmonary fibrosis may be similar to the situation in colitis. We have shown that pulmonary fibroblasts and myofibroblasts do express mIL-6Ra whereas type II pneumocytes do not (Supplemental Fig. 2C ). This would suggest that only type II pneumocytes are susceptible to trans signaling, whereas the other pulmonary cell types are capable of responding to both classical and trans signaling. There is evidence to indicate that classical signaling is enhanced in fibrotic lungs because bleomycininjected mouse lungs show elevated mIL-6Ra in whole-lung protein lysates in comparison with PBS lungs (Supplemental Fig. 3A) . mIL-6Ra increased in association with increasing pulmonary fibrosis in the IPB model (Supplemental Fig. 3B ). There is also reason to think that increased IL-6 trans signaling can promote a feedback loop that enhances classical signaling. Stimulation of trans signaling in fibroblasts resulted in increased mIL-6Ra (Supplemental Fig. 3C) , and in vivo treatment with gp130Fc resulted in a reduction in mIL-6Ra in whole-lung lysates as well as in BAL cell pellet lysates (Supplemental Fig. 3D, 3E ). These results support the hypothesis that, in the lungs, sIL-6Ra contributes to disease by enhancing classical signaling and overamplifying the effects of IL-6. Interestingly, we also observed that TGF-b stimulation of normal and IPF fibroblasts led to an increase in mIL-6Ra, and because TGF-b is the iconic mediator of fibrosis, perhaps part of the reported TGF-b-induced profibrotic effects in the lungs are mediated through IL-6 classical signaling.
In conclusion, results from the present study demonstrate that, in response to injury, ADAM17 generates sIL-6Ra in the lungs, which accumulates and contributes to the development and progression of pulmonary fibrosis. Neutralization of sIL-6Ra and resulting antagonism of IL-6 trans signaling attenuates pulmonary inflammation and fibrosis in a mouse model of pulmonary fibrosis. In vitro studies suggest activation of trans signaling results in effects that are relevant to the progression of lung fibrosis. These findings are consistent with the hypothesis that IL-6 trans signaling is essential in mediating proinflammatory and profibrotic effects in the lungs. Although our temporal analyses demonstrate that there is an association between elevations of sIL-6Ra and the progression of pulmonary fibrosis, it is not possible from these studies to determine whether activation of this pathway is a cause or effect of pulmonary fibrosis. It is likely that the accumulation of macrophages expressing high levels of ADAM17 and the IL-6Ra in response to yet unknown mechanisms results in the production of sIL-6Ra that in turn promotes the further progression of fibrosis by impacting key effector cells such as fibroblasts (see Fig. 9 ). Thus, whether this pathway causes fibrosis, it is active in patients with established disease and may represent a novel pathway for disease amplification. Additional studies are necessary to validate these observations in additional human IPF tissues and samples. However, this study presents, to our knowledge, the first in vivo preclinical evidence that blockade of IL-6 trans signaling may be of significant therapeutic value to the management of IPF.
